The vacuolar chitinases of class I possess an N-terminal cysteinerich domain homologous to hevein and chitin-binding lectins such as wheat germ agglutinin and Urfica dioica lectin. To investigate the significance of this domain for the biochemical and functional characteristics of chitinase, chimeric genes encoding the basic chitinase A of tobacco (Nicotiana fabacum) with and without this domain were constructed and constitutively expressed in transgenic Nicotiana sylvestris. The chitinases were subsequently isolated and purified t o homogeneity from the transgenic plants. Chromatography on colloidal chitin revealed that only the form with the Nterminal domain, and not the one without it, had chitin-binding properties, demonstrating directly that the domain is a chitinbinding domain (CBD). Under standard assay conditions with radioactive colloidal chitin, both forms of chitinase had approximately the same catalytic activity. However, kinetic analysis demonstrated that the enzyme without CBD had a considerably lower apparent affinity for its substrate. The p H and temperature optima of the two chitinases were similar, but the form with the CBD had an approximately 3-fold higher activation energy and retained a higher activity at low p H values. Both chitinases were capable of inhibiting growth of Trichoderma viride, although the form with the CBD was about three times more effective than the one without it. Thus, the CBD i s not necessary for catalytic or antifungal activity of chitinase.
Plant chitinases are endochitinases (EC 3.2.1.14) that hydrolyze internal P-1,4-glycosidic linkages of chitin, a homopolymer of N-acetyl-D-glucosamine (Boller, 1988; . Chitin has not been found in plants but is an important constituent of the exoskeleton of arthropods and nematodes and, along with P-1,3-glucan, of the cell walls of higher fungi. Infection with fungal pathogens and treatment with fungal elicitors induce the synthesis of many pathogenesis-related proteins, several of which have been identified as chitinases or P-1,3-glucanases (Legrand et al., 1987; Kombrink et al., 1988) . For these reasons, chitinases are thought to play an important role in the plant defense reactions against pathogens. It has been shown that plant chitinases inhibit fungal growth in vitro (Schlumbaum et al., 1986;  Supported by the Swiss National Science Foundation, Grant 31- Broekaert et al., 1988 Broekaert et al., , 1989 Leah et al., 1991) , particularly in combination with P-1,3-glucanases (Mauch et al., 1988; Sela-Buurlage et al., 1993) . Constitutive expression of a chitinase in transgenic plants increased the resistance against the root pathogen Rhizoctonia solani (Broglie et al., 1991; Vierheilig et al., 1993) but not against the foliar pathogen Cercospora nicotianae (Neuhaus et al., 1991a) .
Plant chitinases have been classified in three structural classes (Shinshi et al., 1990; Meins et al., 1992) . All chitinases are synthesized with an N-terminal signal peptide that targets them to the ER. Class I chitinases possess an N-terminal Cysrich domain that has been implicated in chitin binding due to its homology with hevein, a polypeptide from Hevea latex with chitin-binding properties, and to each of the two domains of UDA and the four domains of WGA, two chitinbinding lectins (Chrispeels and Raikhel, 1991) . Most class I chitinases are synthesized with a C-terminal extension that targets them to the vacuole (Neuhaus et al., 1991b) . Class I1 chitinases are homologous to the class I chitinases but lack the N-terminal Cys-rich domain and the C-terminal extension and are secreted into the extracellular space. They have a much lower specific activity than class I chitinases (Legrand et al., 1987) . Pathogen-induced class I1 chitinases of Solanaceae also have an internal deletion of 15 amino acids and are 64% identical to class I chitinases in the conserved parts. Class I11 chitinases are a distinct protein family without homology to the class I or class I1 chitinases . It is interesting that the cDNA for UDA encodes a long open reading frame with the two domains of the lectin at the N-terminal end, followed by a domain with homology to class I and class I1 chitinases (Lemer and Raikhel, 1992) . Another pathogenesis-related protein family, the PR-4 proteins, of unknown function, also has members with an Nterminal Cys-rich domain. Indeed, the cDNA for hevein encodes a long open reading frame homologous to the wound-inducible proteins from potato (Lee et al., 1991) , with the Cys-rich domain at the N-terminal end, followed by a domain with homology to the tobacco PR-4 protein (Friedrich et al., 1991) .
Many of these chitin-binding proteins have been tested for antifungal activity in vitro. Whereas WGA appears to lack 222 lseli et al.
Plant Physiol. Vol. 103, 1993 antifungal properties (Schlumbaum et al., 1986) , both UDA (Broekaert et al., 1989) and hevein (Van Parijs et al., 1991) inhibit growth of various fungi. PR-4 proteins of barley have also been found to inhibit the growth of a fungus and to bind to chitin even without an N-terminal Cys-rich domain (Hejgaard et al., 1992) . As already mentioned, chitinases have been found to have antifungal activity both in vivo and in vitro. However, class I1 chitinases (which lack the Cys-rich domain) have recently been found to have no antifungal activity by themselves and only limited activity in combination with /?-1,3-glucanases (Sela-Buurlage et al., 1993) .
To investigate the role of the N-terminal Cys-rich domain in class I chitinases directly, we produced transgenic Nicotiana sylvestris plants constitutively expressing the tobacco class I chitinase A with or without this domain. These plants have also been used to study targeting and processing of chitinases (Neuhaus et al., 1991b; Sticher et al., 1992b) and the effect of overexpression of chitinases on mycorrhiza (Vierheilig et al., 1993) . We isolated and purified the chitinases from these plants and examined their biochemical and functional properties.
MATERIALS AND METHODS

Biological Material
Transgenic Nicotiana sylvestris plants expressing the unaltered coding sequence of tobacco (Nicotiana tubacum) chitinase A or the same sequence without the N-terminal Cysrich "hevein domain" (TobAH chitinase) under the control of cauliflower mosaic virus expression signals were obtained by leaf-disc transformation and have been described previously (Neuhaus et al., 1991b; Sticher et al., 1992b) . The structures of the two chitinase constructs are shown schematically in Figure 1 . The plants were kanamycin-resistant progeny of primary transformants, grown from seed in a greenhouse with a day:night photoperiod of 16:8 h at 20OC.
The test fungus Trichoderrna viride SA 23 (Ciba-Geigy, collection Dahmen, Switzerland) was grown in darkness at room temperature on malt extract agar (Schlumbaum et al., 1986) . 
Purification of Chitinases
Young leaves of the N. sylvestris plants expressing the transgenic tobacco chitinases were homogenized in 100 mM acetate (Na+) buffer, pH 4. Extraction and all subsequent steps were performed at 4OC. The homogenate was centrifuged (18,0008) for 10 min, and ammonium sulfabe was added to the supernatant to give 65% saturation. After incubation overnight, the precipitate was collected by centrifugation (10,OOOg) for 10 min and redissolved in 20 mM Tris (HCI) buffer, pH 8. This extract was loaded onto a column of regenerated chitin equilibrated with 20 mM Tris (HC1) buffer, pH 8. The column was eluted successively with 20 mM Tris (HCl) buffer, pH 8, 20 m~ acetate (Na') buffer, pH 5.5, and 100 m~ acetic acid (pH 2.8). Fractions were collected and assayed for chitinase activity. The Tob chitinase was adsorbed by the colloidal chitin and eluted by 100 mM acetic acid. Fractions containing the activity were combined, dialyzed, concentrated by lyophilization, and further purified by gel-filtration chromatography on a fast protein liquid chromatography system (Pharmacia, Uppsala, Sweden) using a Superose 12-HR 10/30-column. The column was equilibrated and eluted with 0.01 M phosphate (Na+) buffer, pH 7.2, containing 0.14 M NaCl. The fractions with the highest chitinase activity were collected, dialyzcld, and lyophilized.
The TobAH chitinase did not bind to the chitin column. The flow-through from the chitin column was applied to a cation-exchange column of CM-Trisacryl (IBF Biotecnics, Villeneuve-la-Garenne, France) equilibrated with 10 mM phosphate (Na+) buffer, pH 7. The column was eluted with the same buffer, followed by a linear gradient of NaCl (0-250 mM) in the same buffer. The fractions with the highest chitinase activity were combined, dialyzed, and lyophilized.
Chitinase Assay
Chitinase activity was measured radiometrically under standard conditions at pH 6.5 and 37OC using as the substrate colloidal regenerated [3H-acetyl]chitin at a concentration corresponding to 11.2 mM GIcNAc equivalents. The radioactivity released was measured by scintillation counting, ,and the enzyme activity was calculated with a calibration curve (Boller et al., 1983) . One microkatal was defined as the enzyme activity liberating 1 rmol of GlcNAc equivalents per second at infinite dilution.
The pH optima were determined by replacing the buffer used in the standard enzyme assay with 50 mM citratephosphate buffer (Na+) to yield pH values between 3 and 6.5, and with 50 mM phosphate (K+) buffer to yield p l i values between pH 6 and 8. The temperature optimum was determined by incubating standard assay mixtures at 20 to 65OC for 30 min.
Kinetic properties were determined by measuring the chitinase activity under standard conditions with a fixed concentration of enzyme, but varying the substrate concimtration between 1.1 and 21 mM GlcNAc equivalents.
ard. The concentration of purified chitinases was also determined using an ELISA (Sticher et al., 1992a) .
I Electrophoresis
: SDS-PAGE was performed according to Laemmli (1970) using a separating gel of 15% acrylamide with an overlaid stacking gel of 5%. A mixture of markers with known mol wts (BSA, ovalbumin, trypsinogen, /3-lactoglobulin, egg white lysozyme) was obtained from Sigma. The gels were silverstained according to Blum et al. (1987) .
Assay of Antifungal Activity
The bioassay for inhibition of fungal growth was carried out using T. viride as a test fungus (Schlumbaum et al., 1986 ). An agar disk (4 mm in diameter) with the fungus was put in the center of a Petri dish containing 25 mL of 2% (w/v) malt extract agar (Difco) further solidified by the addition of 1% (w/v) agar. The plate was incubated at room temperature in darkness for 24 h. Subsequently, wells were punched into the agar at a distance of 8 mm from the growing front of hyphae. The samples to be tested were placed into the wells in 50 (iL of distilled water. Growth inhibition zones were measured after 8 to 11 h of incubation in the light at room temperature.
RESULTS
Purification and Chitin-Binding Properties of Chitinases
N. tabacum is an amphidiploid plant, and its parent species are N. sylvestris and Nicotiana tomentosiformis. The tobacco genes for chitinases A and B have been cloned, and evidence has been provided that chitinase A originated from the N. tomentosiformis chitinase gene, whereas chitinase B originated from N. sylvestris (van Buuren et al., 1992) . The two chitinases differ only by a very few changes: one amino acid exchange in the N-terminal domain, two amino acid exchanges in the catalytic domain, and a five-amino acid duplication in the spacer of chitinase A. This duplication results in a higher degree of Pro hydroxylation, causing a slower migration in SDS-PAGE such that the apparent molecular mass of chitinase A is 34 kD, compared with 32 kD for chitinase B (Sticher et al., 1993) . The chitinase constructions used in this work were derived from the tobacco chitinase A, placed under the control of the 35S promoter of cauliflower mosaic virus and introduced into N. sylvestris by Agrobacterium-mediated transformation.
The Tob and TobAH chitinases were purified from young leaves of transgenic N. sylvestris plants that constitutively express the introduced chitinases (Neuhaus et al., 199la; Sticher et al., 1993) . The extracts from the transgenic plants used as starting material had a 50-to 100-fold higher specific activity of chitinase than comparable extracts from untransformed plants, suggesting that endogenous chitinases did not contribute significantly to the chitinase activity in the transgenic plants. The Tob chitinase was purified by affinity chromatography on a chitin column. Most of the activity bound to the column and was eluted with acetic acid (pH 2.8). The fractions with chitinase activity were pooled, dialyzed, and loaded on a gel-filtration column. From this column, chitinase activity eluted as a single peak coinciding with the main protein peak. The fractions with the highest activity were combined and found to contain an essentially homogeneous protein of 34 kD by SDS-PAGE (Fig. 2) . The endogenous 32-kD chitinase B should have co-purified with the Tob chitinase but was hardly detectable, due to its low level in the starting material. Thirty-three percent of the activity in the leaf extract was recovered as purified chitinase.
In the extracts from leaves expressing the TobAH chitinase, almost all chitinase activity passed the column unretarded, demonstrating directly that the domain was necessary for chitin binding. Less than 0.2% of the applied activity could be eluted with acetic acid; this fraction corresponded to the endogenous chitinase B. The flow-through of the chitin column was loaded onto a CM-Sephacryl cation-exchange column. The chitinase eluted at 130 ITIM NaCl. The fractions with the highest activities were combined and found to contain a single protein of approximately 28 kD by SDS-PAGE (Fig. 2) . Fourteen percent of the activity in the leaf extract was recovered as purified chitinase.
Characterization of the Enzymic Activity of Purified Chitinases
To determine the specific activity of the purified chitinases, the concentration of diluted enzyme solutions was determined by an ELISA (Sticher et al., 1992a) . When measured at the respective pH optima, the specific activity of the Tob chitinase was 1.0 jikat mg" 1 , and the specific activity of the TobAH chitinase was 1.34 ^kat mg~' ( Table I) .
The two chitinases exhibited slightly different pH optima. The Tob chitinase had a pH optimum around pH 6.5, and the TobAH chitinase had a pH optimum around pH 7. More significantly, at a low pH value (pH 3.0), Tob chitinase was 2.3 times more active than the TobAH chitinase (Fig. 3) .
Under the conditions employed, the temperature optima were 60°C and 55°C for the chitinases with and without the Cys-rich domain, respectively (Fig. 3) . From the slope of the curves, the activation energy was calculated to be 14.5 kj mol" 1 for the Tob chitinase but only 5.5 kj mol" 1 for the TobAH chitinase (Table I) . To evaluate the affinity of the catalytic domain of chitinases for their substrate, we determined the reaction velocity as a function of the concentration of the radioactively labeled regenerated chitin, expressed in terms of its monomer content, and calculated the apparent Michaelis constant (Fig. 4) . The normal chitinase had a K m value of 3.5 mM, whereas its counterpart without the Cys-rich chitin-binding domain had a K m value of approximately 23 HIM (Table I) . The extrapolated maximal specific activity of the truncated chitinase was considerably higher than the value determined for the complete enzyme.
Antifungal Activity
The antifungal activity was determined using the growth inhibition assay on agar plates with T. viride as the test fungus (Schlumbaum et al., 1986) . This fungus was chosen because its growth is inhibited by chitinase alone, whereas many other fungi require a combination of chitinase and glucanase to show any effect (Mauch et al., 1988) . For this assay, different concentrations of chitinase were placed into wells punched into the agar in front of the growing hyphae, and the size of inhibition zones was measured (Fig. 5 , Table  I ). Both chitinases were able to inhibit fungal growth. However, Tob chitinase seemed more active; the inhibition zone exceeded 1.5 mm at 4.5 ^g of enzyme per well, whereas 18 pg of TobAH chitinase were necessary to obtain the same effect.
DISCUSSION
The possible roles of the N-terminal Cys-rich domain of the vacuolar basic chitinases of class I have been a matter of interest for many years. The similarity of this domain to hevein, a polypeptide from the latex of the rubber tree, and to each of the four domains of the chitin-binding lectin WGA, first described by Lucas et al. (1985) for bean chitinase, has suggested a role in the affinity of chitinase for its substrate. More recently, it was found that hevein as well as UDA, a chitin-binding lectin built of two domains homologous to hevein, inhibit fungal growth (Broekaert et al., 1989; Van Parijs et al., 1991) , as do the class I chitinases (Schlumbaum et al., 1986) . This, and the lack of antifungal activity of tobacco class I1 chitinases, which lack the N-terminal Cysrich domain (Sela-Buurlage et al., 1993) , suggested that the domain might be responsible for the antifungal activity of chitinase. However, the mechanism of inhibition was different for the chitinases, which caused lysis of the hyphal tip, and hevein and UDA, which caused swelling of the hyphae (Broekaert et al., 1989) . The spectrum of affected fungi was also different for the two types of proteins (Broekaert et al., 1989) . With the experiments described here, we have directly examined the role of the N-terminal Cys-rich "hevein domain" in catalytic activity, chitin binding, and antifungal activity, comparing a normal class I chitinase, the Tob chitinase, with a mutant form of the same chitinase truncated by deletion of the N-terminal domain and of the spacer (TobAH), creating an N terminus similar to that of the class I1 chitinases.
The main findings of the analysis can be summarized as follows: (a) The truncated form, in contrast to the normal chitinase, fails to bind to the affinity matrix of regenerated chitin, demonstrating directly that the N-terminal domain acts as the CBD. (b) The specific hydrolytic activity of the two enzymes toward colloidal chitin is very similar under normal assay conditions, showing that the basal catalytic activity is independent of the chitin-binding properties. Thus, the comparatively low specific activity of the acidlc tobacco chitinases (Legrand et al., 1987) is not due to their lack of a CBD. Nevertheless, our results show that the presence and absence of the CBD modify the biochemical properties of the enzyme: the chitinase with the CBD has a considerably higher affinity for chitin as a substrate, and a higher activity at extremes of pH and temperature and at low substrate concentrations. On the other hand, the deletion mutant is more active at high substrate concentrations and has a lower activation energy. (c) Both chitinases have antifungal activity, but per unit protein, the antifungal activity of the chitinase without the CBD is about three times lower than that of the normal chitinase. These results suggest that the catalytic domain of class I chitinase is sufficient to inhibit fungal growth, but that the CBD improves its antifungal activity, perhaps by attaching the enzyme to its substrate in the fungal cell wall. This has been corroborated in a recent study by other members of our group on the susceptibility of the same transgenic plants to Rhizoctonia solani: the N. sylvestris plants expressing the Tob chitinase have a somewhat higher resistance to this root pathogen than the N. sylvestris plants expressing the TobAH chitinase, but both are more resistant than untransformed N. sylvestris (Vierheilig et al., 1993) .
Because chitin is an insoluble polymer, the adsorption of the enzyme onto the substrate by the CBD may increase the local concentration of chitin in the vicinity of the catalytic site as well as the local concentration of chitinase on the cell wall of the fungus. The cooperative behavior of a highaffinity binding site and a lower-affinity catalytic site may explain the lower apparent K , value, the lower maximal activity, and the higher activation energy of the intact chitinase compared with the deletion mutant. It is interesting to compare our results with those of a recent study of yeast chitinase (Kuranda and Robbins, 1991) , which is homologous to plant class I11 chitinases (but is not homologous to plant class I chitinases). The yeast chitinase has a C-terminal CBD with no sequence homology to the CBD we have studied. This C-terminal domain was found to be dispensable for the catalytic activity but essential for the biological function because it fixes the enzyme on the cell wall, where its action is required to separate the mother cell from the daughter cell.
In conclusion, the Cys-rich N-terminal domain of class I chitinase is a CBD that is not essential to catalytic activity but improves affinity and antifungal activity of the enzyme.
